Objective: To describe the various anesthetic techniques used for surgical closure of PDA in premature infants at the Montreal Children's Hospital and assess their impact on postoperative outcome.
Introduction
Survival of extremely premature infants has increased significantly over the last two decades due to major medical advances such as surfactant therapy, improved ventilation modalities, antenatal administration of steroids, and advanced nutritional support.
1,2 As a consequence, the incidence of patent ductus arteriosus (PDA) has also increased and has become a very common indication for thoracic surgery in these fragile patients. 3, 4 About 50% of extremely low birth-weight infants (birth weight <1000 g) receive indomethacin for closure of a PDA, and as many as 12% will have a surgical ligation after the failure of indomethacin. [5] [6] [7] Surgical ligation of a PDA is usually performed through a left thoracotomy, although video-assisted thoracoscopic clipping of PDA has been used in preterm infants. Coil occlusion is not currently available because of size limitations. 3, [8] [9] [10] Providing anesthesia for surgical closure of PDA in preterm infants requires a thorough understanding of several considerations. First, the precarious physiology of the preterm infant increases the risks of surfactant deficiency, apnea, anemia, hypoglycemia and intraventricular hemorrhage which can all be present at the moment of surgery.
11 It is not rare to diagnose congestive heart failure in these patients as a result of the increased pulmonary blood flow and reduced lung compliance. 12 Furthermore, these patients have very fragile lungs, are usually intubated and mechanically ventilated putting them at risk of atelectasis and pulmonary infection. Fluid restriction and diuretic therapy are often used as adjuncts in the treatment of PDA and early bronchopulmonary dysplasia, and may be responsible for the development of hypovolemia and severe hypotension should inhalation anesthetics be administered. [5] [6] [7] [8] [9] [10] Currently, there is no general agreement as to the ideal anesthetic regimen to use for surgical PDA ligation; in fact, there is a wide variation in anesthetic technique amongst centers and anesthesiologists. [13] [14] [15] Previous reports have shown that premature infants are especially vulnerable to metabolic and respiratory derangements as a result of the stress triggered by major operations, and the anesthetic technique and especially the anesthetic agents used, have an important impact on their perioperative outcome. The first randomized controlled trial on the effects of opioid anesthesia and the stress response in neonates was carried out by Anand et al. 16 and was published in 1987. At that time, 77% of neonates undergoing PDA ligation would not receive more than paralysis, with or without local anesthesia and nitrous oxide for the procedure. Anand et al. 16, 18 and Shew et al, 17 demonstrated the influence of fentanyl administration on reducing hormonal responses (plasma adrenaline, noradrenaline, glucagon, aldosterone, corticosterone and so on) and protein breakdown after surgical closure of PDA in similar groups of premature infants.
Many infants are unstable after PDA ligation, with both respiratory and cardiovascular destabilization occurring. This project was designed to find factors associated with postoperative instability in neonatal intensive-care unit patients. The aims of this study were to describe the various anaesthetic techniques used for surgical closure of PDA in premature infants at our institution, to determine associations with those variations and to assess their impact on postoperative outcome.
Methods

Data collection
After obtaining Institution Review Board approval, a retrospective study was conducted using anaesthetic records and medical charts of all premature infants who underwent surgical closure of PDA between 5 September 2001 and 19 June 2003 at The Montreal Children's Hospital. A reviewer who was blinded to outcome variables collected data on patient demographics, preoperative status, anaesthetic technique used during PDA ligation and postoperative outcome. The postoperative outcomes were collected by another independent individual. Data were tabulated and analyzed using SPSS version 13.
Definition of variables
Total dose of fentanyl. For comparative purposes, the total administered doses of any narcotic used during the anesthetic procedure were converted to equi-analgesic doses of fentanyl and expressed in mcg kg À1 . Sufentanil dose was converted to fentanyl equivalent by using a ratio of 1 mcg of sufentanil to 10 mcg of fentanyl. [19] [20] [21] There were no other opiates used in these patients.
Unstable postoperative respiratory course (UPRC). It was defined as oxygen desaturation requiring an increase in FiO 2 greater than 25%, or an increase in peak inspiratory pressure greater than 3 cm H 2 O compared with preoperative baseline, or requirement for manual ventilation with 100% oxygen not associated with routine suctioning.
Postoperative hypotension. This was defined as a decrease in mean arterial pressure of 20% or more compared with preoperative baseline, requiring the administration of inotropic support and/or fluid boluses.
Exclusion criteria
Patients undergoing an additional surgical procedure during the same operative time were excluded from the analysis.
Statistical analysis. Data are reported in percentages, means and s.d.. The total dose of fentanyl used for general anesthesia was compared, for those with and without UPRC and postoperative hypotension, using t tests of independent samples. The receiveroperator characteristic curve was used to assess sensibility and specificity of different threshold doses of fentanyl. Logistic regression was used to determine the associations between UPRC and the following independent variables: postnatal and postmenstrual age of the patient, birth weight, current weight, ventilator settings preoperatively, UPRC, previous courses of indomethacin, sex, preoperative creatinine and anesthetic regimen.
Logistic regression was used to determine the associations between total fentanyl equivalent and the following independent variables: postnatal and postmenstrual age of the patient, birth weight, current weight, ventilator settings preoperatively, UPRC, previous courses of indomethacin, sex, preoperative creatinine and identity of anesthesiologist.
Results
A total of 39 premature infants underwent surgical closure of PDA during the study period. In all, 6 patients were excluded from the analysis because they had a second surgical procedure performed during the same operative time: Broviac catheter insertion (4), laparotomy for necrotizing enterocolitis (1) and bronchoscopy (1) .
Demographic and perioperative data are presented in Table 1 . There were 23 male patients (70%) and 10 female patients (30%). In all, 32 out of 33 patients were already intubated. Only 1 patient required high-frequency ventilation and no patient was receiving nitric oxide. The average respiratory parameters on conventional ventilation were PIP ¼ 16.
No patients were on inotropic support before the surgery. The average durations of the anesthesia and surgery were 37 and 30 min, respectively.
Anesthetic management
Of the 33 patients who underwent surgical closure of PDA as the sole procedure, 32 of them arrived to the operating room already intubated and only 1 patient was intubated after induction of anesthesia.
Induction of anesthesia was narcotic-based, albeit eight patients also received a second drug at induction: midazolam (4), ketamine (3) or thiopental (1) .
A wide variation was found in the regimen used for maintenance of anesthesia. A total of 8 patients (24%) were administered an inhalational agent as the sole maintenance agent Outcome after PDA closure in preterm infants A Janvier et al (isoflurane n ¼ 6 or sevoflurane n ¼ 2), 4 patients (10%) received a balanced technique with narcotics and halogenated agents, and 21 patients (66%) received narcotics only, using either a continuous infusion (n ¼ 6) or boluses (n ¼ 15). A summary of the anesthetic maintenance regimens utilized is presented in Table 2 . Every patient except one received either fentanyl or sufentanil at some point of the anesthetic procedure. The mean fentanyl equivalent dose administered was 18.4 ± 16.2 mcg kg À1 (Table 3) , 38% of premature infants had <10 mcg kg À1 of fentanyl for their PDA ligation.
All of the anesthetists were staff anesthesiologists, often with a fellow or resident in pediatric anesthesia. In total, 1 anesthetist performed only one case, another 2, the other 6 performed between 4 and 8 cases each. Outcome after PDA closure in preterm infants A Janvier et al
The total dose of Fentanyl received during the anesthetic procedure was compared against UPRC and postoperative hypotension: the mean dose of fentanyl in patients presenting with UPRC (n ¼ 8) was 5.3±2.6 mcg kg À1 compared with 22.6 ± 16.6 mcg kg À1 for patients without UPRC (n ¼ 25). A significant difference (P ¼ 0.004) was found between both groups of patients. Both groups were similar with regards to demographic characteristics and preoperative status.
The same analysis was made for postoperative hypotension. The mean dose of fentanyl was 19.2 mcg kg À1 in the group of patients with postoperative hypotension (n ¼ 5) and 18.2 mcg kg À1 for the group of non-hypotensive patients (n ¼ 28). This difference was not statistically significant (P ¼ 0.902). Both groups, as well, were comparable in terms of preoperative status, drug therapy and demographic data.
The receiver-operator characteristic curve was applied to the total fentanyl doses in order to find a cut-off value with the highest sensibility and specificity to discriminate and identify patients who experienced UPRC. This cut-off value was 10.5 mcg kg À1 , and in fact, all 8 patients who presented UPRC, received <10.5 mcg kg À1 of fentanyl (see Figure 2 and Table 3 ). The postnatal and postmenstrual age of the patient, birth weight, current weight, ventilator settings preoperatively, signs of cardiovascular instability, previous courses of indomethacin, sex, preoperative creatinine, preoperative drug therapy and use of halogenated agents during anesthesia were not correlated with UPRC nor postoperative hypotension. None of these variables significantly influenced postoperative outcome.
The postnatal and postmenstrual age of the patient, birth weight, current weight, ventilator settings preoperatively, signs of cardiovascular instability, previous courses of indomethacin, sex and preoperative creatinine, were not correlated with the dose of fentanyl equivalent used using multiple linear regression.
Logistic regression did not show a relationship between any of the previously mentioned factors and receiving a fentanyl equivalent of >10.5 mcg kg
À1
. The only factor associated with the total fentanyl equivalent dose (as a continuous variable) or receiving <10.5 mcg kg À1 (as a dichotomous variable) was the identity of the anesthetist involved, P<0.001.
The only independent variable that significantly affected outcome was the total dose of fentanyl used during the anesthetic procedure.
There were 2 infants who had pneumothorax during surgery and returned from the operating room with a drain in place. Of the original 39 patients there were two deaths before discharge, both of which occurred in infants who had more than one procedure and therefore not otherwise discussed in this article, among the 33 infants analyzed there were no deaths. Duration of stay at The Montreal Children's hospital varied from 1 to 130 days postoperatively, and was not correlated with fentanyl dose.
Discussion
This study confirms than analgesia in an important component of patient stability, and that this extends to the postoperative period. In fact, all of the patients who presented an unstable postoperative respiratory course received <10.5 mcg kg À1 of fentanyl suggesting that a minimum dose of at least 10.5 mcg kg À1 of fentanyl or equivalent should be used to promote respiratory stability in preterm infants undergoing surgical closure of PDA.
These results are in agreement with previous studies that report decreased stress response and improved postoperative protein 
Outcome after PDA closure in preterm infants
A Janvier et al metabolism with fentanyl doses of 10 and 15 mcg kg À1 respectively in a similar patient population. 16, 17 Anand et al. 16 reported an association between the prevention of the stress response by 10 mcg kg À1 of fentanyl and an improved postoperative outcome in a randomized controlled trial that studied 16 preterm babies undergoing surgical ligation of PDA. Plasmatic levels of glucagon, corticosterone and 11-deoxycortisol, as well as blood lactate and pyruvate concentrations were markedly increased after surgery in children who did not receive fentanyl; those children also presented more circulatory and metabolic complications compared with the group who received 10 mcg kg À1 of fentanyl. Contrary to this study, which was done 30 years ago, all our patients received analgesia, but 10 mcg kg À1 of fentanyl did not seem to be the optimal dose.
In another study, Shew et al. 17 reported that 15 mcg kg À1 of fentanyl helped to improve the protein metabolism of premature neonates, during PDA ligation: skeletal muscle protein breakdown, measured from the urinary 3-methylhistidine to creatinine radio, was substantially decreased, and protein balance restored sooner in those patients who received 15 mcg kg À1 of fentanyl during the surgical procedure.
Hickey et al. 5 suggest a hypothesis behind the possible beneficial effects of high doses of narcotics on respiratory and hemodynamic outcomes. In a study of 40 infants undergoing repair of complex congenital heart disease, the use of high doses of fentanyl or sufentanil was associated with improved arterial oxygenation in the perioperative period. The authors' hypothesis is that this beneficial effect is due to a decrease in the pulmonary vascular resistance with a consequent decrease in right to left shunts, an improvement in ventilation in atelectatic segments of the lungs and a decrease in oxygen consumption as a result of the blunted stress response. 22, 23 In a randomized dose-ranging study in young infants and children 24 a fentanyl dose of 25 mcg kg À1 of fenatnyl was required to minimize hemodymanic and endocrine responses during the pre-bypass phase of cardiac surgery, even when isoflurane is also used.
Intraoperative hemodynamic stability of premature infants during general anesthesia remains a concern, but Collins et al. 25 have demonstrated that premature infants remain hemodynamically stable after receiving large bolus induction doses of fentanyl. The average weight of their infants was 1100 g and they received 30 mcg kg À1 of fentanyl for PDA ligation. The patients' average heart rate and blood pressure did not change after the bolus injection nor did these parameters change at skin incision and closure.
A limitation of our study is that some of the patients received other anesthetic agents and intravenous narcotics. As such, it is difficult to attribute these results solely to the use of narcotics. However, this does confirm the wide variability of anesthetic techniques used for PDA ligation.
In this study, 38% of premature infants received <10 mcg kg À1 of fentanyl for their PDA ligation. We hypothesized that more immature or unstable patients would get less analgesia, as peri and post operative instability might be perceived as more concerning. Surprisingly, variation in practice of individual physician was the only factor associated with post op instability.
There is some concern that agents used for anesthesia in very premature infants might pose a risk of neurotoxicity and cause apoptotic neuronal death. In fact, agents such as nitrous oxide, ketamine, halogenated agents and other N-methyl-D-aspartate receptor antagonists have been implicated as causative factors contributing to neurodegenerative changes in the immature brain by triggering protein translocation to mitochondrial membranes, allowing leakage of cytochrome C and triggering a 'cell suicide' signal. 18, 19, 26 On the other hand, narcotics have not been associated with apoptosis and have been extensively studied in the premature population, and also studied specifically for PDA ligation in premature infants. [16] [17] [18] The particular importance of adequate anesthesia/analgesia in the very preterm newborn is the evidence of improved clinical outcomes, including decreased mortality, with adequate pain control. 16, 27 Tissue injury occurs during all forms of surgery and elicits serious and profound physiologic responses, many of which are mediated by pain. The more marked the metabolic responses to surgery, the greater the morbidities and mortality. 28 Thus minimizing the endocrine and metabolic responses to surgery by decreasing pain and pain responses has been shown to significantly improve outcomes in neonatal surgery. Although it would now be considered unethical to perform surgery without anesthesia, the appropriate levels of anesthesia for various surgical procedures have not been well investigated. Despite fears that analgesics (in particular opiates) may lead to hypotension or respiratory depression and an increase in postoperative complications, such effects have never been shown in randomized controlled trials. Indeed, postoperative inotrope requirements are decreased by high dose opioids in neonates after cardiac surgery, 29 and the pain of thoracotomy may cause postoperative respiratory compromise, which can be relieved by adequate analgesia. 30 The prevention of pain is important not only because it is an ethical expectation, and because of short term benefits but also because of potential deleterious longer-term consequences of repeated painful exposures. [31] [32] [33] [34] [35] [36] [37] These consequences include altered pain sensitivity 31, 33, 35 (which may last into adolescence 38 ) and permanent neuroanatomical and behavioral abnormalities. 31, 39 These adverse consequences can be avoided if effective pain relief is provided. 33, 40 We conclude that the use of a minimum of 10.5 mcg kg
À1
of fentanyl equivalent as a component of the anesthetic regimen for surgical closure of a PDA in premature infants promotes postoperative respiratory stability. Helping decrease variations in practice may have a significant effect on patient outcomes.
